Abstract -Bi-mesa resonators with very high mesa steps were fabricated and their frequency-temperature (f-T) characteristics measured as an index of the mode-coupling strength. The experimental results show that the rotation of the measured f-T data is in good agreement with the calculation in the range of low mesa step height. At large mesa step height, where the coupling strength is very low in the calculation, the measured f-T curve is quite different from the curve of the pure thickness-shear mode. These results indicate the validity of the mode-coupling and that choosing the minimal points in high mesa steps offers less advantage.
I. INTRODUCTION
In previous work [1] , we calculated the characteristics of the multi-stepped resonators using the two-dimensional finite element method in the X-Y' region and estimated the mode-coupling strength. The results showed that the mode-coupling strength for multi-stepped resonators decreases gradually with decreasing mesa height, and all curves had minimum values. Some minimal values in the range of mesa height were 70% to 10% of the plate thickness. At the minimal points, Thickness-flexure (TF) components (u2) in the outer region had nodes at the mesa edge, where their displacements were near zero, and loops at the X edge. Because the mesa height changes the wavelength of the TF component in the outer region, the minimal exist periodically. However, if one mesa step is very high, the face-shear mode in the X-Z' plane will couple with the fundamental thickness-shear (TS-1) mode in practice. It is necessary to survey the mode-coupling strength of multi-stepped bi-mesa resonators with high mesa steps.
In this work, the bi-mesa resonators, which can be fabricated with very high mesa steps, were fabricated, and their frequency-temperature (f-T) characteristics measured as an index of the mode-coupling strength. Because the mode-coupling affects the first-order temperature coefficient of the TS-1 mode, the f-T curve of the pure TS-1 mode rotates clockwise depending on the mode-coupling strength. The experimental results show that the rotation of the measured f-T data are in good agreement with the calculated mode-coupling strength in the mesa height range of 0 to 25%. At the mesa height of 32%, where the coupling strength is very low in the calculation, the measured f-T curve is very different from the curve of the pure TS-1 mode. These results indicate the validity of the mode-coupling strength between TS-1 and TF modes and that choosing the minimal points in high mesa steps offers less advantage. Figure 1 is a schematic of the bi-mesa resonator. For the bi-mesa plates, the mode-coupling strength between the TS-1 and the coupled TF modes was estimated using a discrete Fourier transform (DFT) [1] . The DFT was performed on the u1 displacement of the surface in the thick region, and a Rosenfield window function was used to survey weak frequency components. To evaluate the mode-coupling suppression, we used H(ktf)/H(kts) as the coupling strength. The estimated mode-coupling characteristics for the bi-mesa plates are shown in Fig. 2 , where the ordinate is the mode-coupling strength and the abscissa the height of the thin region. The mode-coupling strength decreased gradually as b'/b decreased from 1.00 to 0.85. With increasing the mesa height (b-b'), the strength of the energy trapping effect increased and the coupling between the TS and TF modes decreased, and all curves had minimum values. As the mesa height was further increased, the thick region eventually came to dominate the overall geometry of the plate. When b'/b is lower than 0.5, the plate behaved more like one without lower regions and the edge of the mesa region began to contribute more strongly to the mode coupling than the edge of the plate.
II. MODE COUPLING ESTIMATION
For the plate, there are two minimum points, b'/b = 0.846 and 0.679, whose displacements are shown in Fig. 3 . In the thick region, both displacements are clear cosine curves containing uncoupled TF components and appear to have almost the same shape. In the outer region, they are different. For b'/b = 0.846, the amplitude of the u2 displacement is one-third that for b'/b = 0.679. When the displacement of the plate edge is larger, energy loss, which occurs upon mounting, increases. Keeping the displacement of the edge low is preferable for any resonator. In addition, if one mesa step height is very high, the face-shear mode in the X-Z' plane will couple with the TS-1 mode in practice. Therefore, choosing the minimal points in high mesa steps is less advantageous. To confirm this, the bi-mesa plates with b'/b = 0.5 to 1.0 were fabricated and their f-T characteristics measured.
III. FREQUENCY-TEMPERATURE CHARACTERISTICS
Bi-mesa AT-cut quartz resonators were fabricated on 200-µm-thick double-sided polished quartz wafers by wet etching. The resonators also had a bi-mesa structure along the Z' axis to prevent the surface conditions of Z' from affecting the resonator characteristics. After the etching, the Cr-Au etching mask was used as electrodes for the resonators.
The f-T characteristics were measured using a network analyzer with equipment as shown in Fig.  4 . The resonators were excited by electrodes at the air gap. These electrodes were made the same size as the resonator electrodes so that the thinner region of the resonators would not be excited. Second-degree least squares were used to determine the resonant frequencies from the impedance characteristics. The temperature was varied from 70 to -10 o C over 14 h, and the frequency was measured continuously. All data were normalized by 29 o C, which was the inflection point calculated from the experimental data. The f-T characteristics of the bi-mesa resonators are shown in Fig. 5 , where b'/b = 1.00 corresponds to a flat plate with the same electrode pattern as the bi-mesa resonators. The graph shows several spurious modes coupled with the TS-1 mode. This is because the a/b ratios of the resonators are relatively small. In such case, spurious modes do not disappear because their order is not high and they consequently couple relatively strongly with the TS-1 mode [2] [3] . These spurious modes can be weakened by fixing resonators with spring holders using conducting glue [4] [5] . However, for the fabricated resonators, the x1 length of the thinner region is too short enough to be fixed, therefore, the f-T characteristics were measured without fixing it. In Fig. 5(a) , as b'/b decreased, the f-T characteristics of the bi-mesa resonators approached the infinite plate [6] and then returned to the flat plate. The f-T characteristics of the infinite plate have a pure TS form without any TF mode. The major temperature coefficient of the pure TS mode is third order, and the major coefficient of the spurious modes is first order and negative. Therefore, the f-T characteristics were rotated by coupling between the TS-1 and TF modes depending on the coupling strength. To clarify the coupled first-order coefficient, the f-T curve of the infinite plate was subtracted from the f-T curves of the bi-mesa plates and the inclinations were (Fig. 6) . The first-order coefficient decreased gradually as b'/b decreased from 1.00 to 0.846. At b'/b = 0.846, the first-order coefficient is the minimum value, and the mode-coupling strength (Fig. 2) is the also minimum value. They are in good agreement because the lower first-order coefficient approaches pure TS-1 f-T characteristics without mode-coupling. As b'/b is decreased further, the first-order coefficient increases gradually, and at b'/b = 0.600, it takes the maximum value.
At b'/b = 0.679, where the coupling strength is very low in the calculation, the measured f-T curve is very difference from the curve of the pure TS-1 mode. When the mesa step is very high, it acts as a boundary and induces spurious modes strongly. Therefore, the face-shear modes caused by the X-Z' boundary couple with the TS-1 mode and rotate the f-T characteristics.
IV. CONCLUSION
To confirm the mode-coupling strength between the TS-1 and TF modes of multi-stepped bi-mesa AT-cut resonators, the f-T characteristics of resonators with high mesa steps were measured. The mode-coupling strength was also calculated. The results indicate the validity of the mode-coupling strength between the TS-1 and TF modes and that choosing the minimal points in high mesa steps offers less advantage. 
